Density functional theory (Becke3LYP/6-311++G**) conformational analysis was carried out for all positional butanediol isomers. Taking into account the relative populations of the most stable conformers at 298.15 K, the weighted mean enthalpies of each butanediol isomer in the gas state were computed. Combining these results with the experimental values for the enthalpies of vaporization at 298.15 K, an estimate of the enthalpy of each of the butanediol isomers in the liquid state was obtained and discussed. The insight into the structural changes at the molecular level from the isolated molecule to the condensed state was improved by an infrared spectroscopy study in the OH stretching region, which was carried out for a wide range of concentrations of carbon tetrachloride solutions and pure liquids. The spectroscopic studies essentially confirmed the results derived from the combination of the computational and calorimetric studies.
Introduction
Butanediol isomers are compounds with numerous applications in biochemical research, namely in cryopreservation of living organs. [1] [2] [3] [4] In aqueous solution, they are regarded as model compounds of biomolecules having polar as well as nonpolar groups. The knowledge of the properties of these compounds in the various aggregation states of matter is essential to understand their behavior.
Despite their relative small size, the isolated butanediol molecules have not been extensively studied by theoretical calculations in the past. In fact, most of them used less expensive computational methods such as molecular mechanics 5, 6 and semiempirical calculations. 7, 8 To our knowledge, the only ab initio studies on isolated molecules of butanediols were published by Szarecka et al. 8 on (R,R)-2,3-butanediol using relatively modest basis sets (STO-3G, 3-21G, and 6-31G*) and by Polavarapu et al. 9 on the same molecule using DFT calculations with the B3LYP functional and the 6-31G* basis set. The few available results mentioned above suggest the presence of an intramolecular hydrogen bond as the key stabilizing factor in the gas state structure of butanediols. General agreement with this trend was also obtained from experimental data, namely infrared spectroscopy, [10] [11] [12] microwave spectroscopy, 13 and electron diffraction. 6 As part of a more extensive program of study, we recently determined the standard enthalpy of vaporization, ∆H°v ap , of 1,2-butanediol (1,2-BD), 1,3-butanediol (1,3-BD), 1,4-butanediol (1,4-BD), and 2,3-butanediol (2, . 14 This property is very useful because it is called whenever one needs to report a measure performed on the liquid to a standard gas state. For example, to determine the enthalpy of solvation from the enthalpy of solution of a compound in liquid state, the enthalpy of vaporization is required. As will be shown in the present study, this thermodynamic property is also valuable to estimate the enthalpy of the compound in liquid state, provided its enthalpy in the gas state is known. This strategy allows overcoming the difficulties arising for performing computational calculations of a rather complicated and uncertain structure as that of the liquid.
General comparisons between the gas and the liquid enthalpies of butanediols were previously made by Benson's group additivity methods. 15 These methods are used to calculate enthalpies of formation from individual molecular fragments contributions, which are themselves the results of correlations derived from scarce and mostly rather old and inaccurate experimental determinations of enthalpies of vaporization and enthalpies of combustion. They also do not take into account any conformational features within the specific studied molecules. Thus, we feel that the liquid enthalpy values derived from the combination of high-level, multiconformer theoretical calculations and accurate direct experimental determination of enthalpies of vaporization, performed on the specific molecules studied and not resulting from general statistics, are of better quality.
In this paper, the energies of the most stable conformers of each butanediol were determined by density functional theory calculations (DFT). From the values found for the energy and for the relative populations of the conformers, the mean energy and enthalpy of each isomer in the gas state at 298.15 K were obtained. Combining the values found for the enthalpy in the gas state with our results for the enthalpy of vaporization, 14 the enthalpy of each isomer in the liquid state was evaluated. Therefore, both the gas and the liquid states of butanediols are targets of the present study.
Because of the importance of the hydrogen bonding as a determinant structural feature of butanediols in gas and liquid state, a vibrational spectroscopy study in the hydroxyl stretching region was performed. This study is a valuable complement of the computational and calorimetric determinations. The solution spectra in a relatively wide range of concentrations in an inert solvent (CCl 4 ) and of pure liquids allow the characterization of the hydrogen bonding for isolated molecules and for different aggregation states up to the liquid.
Computational Methods
Butanediol isomers are very flexible molecules since they have several relevant dihedrals leading to many possible local minima. Thus, the determination of the low-energy conformations using a systematic search method is computationally very expensive. Hence, for each butanediol isomer, a molecular mechanics conformational search model employing random generation and subsequent full minimization of every conformational parameter was used in order to derive a reasonable sampling of the low-energy conformations. These calculations were carried out with the Cerius2 (version 3.5) molecular modeling package 16 running on an SGI O 2 /RS5000 workstation. All the molecular mechanics calculations were performed using the CFF91 force field of Hagler et al. 17, 18 The structure of the low-energy conformers (less than 10 kJ mol -1 above the global minimum, as this difference corresponds to a population ratio of ca. 2%), as obtained from the previously described molecular mechanics calculations, was fully optimized by density functional theory 19,20 (DFT) calculations using the Becke3LYP functional [21] [22] [23] and the 6-311++G** basis set. The convergence criteria were defined according to the Gaussian standard values. Additionally, the vibrational frequencies of each resulting conformation were checked out to ensure that they correspond to true minima and not to any other type of stationary point on the potential energy surface. The DFT calculations were performed using the GAUSSIAN 98 program package, 24 running in a PC equipped with an AMD Athlon (900 MHz) processor.
The geometry optimizations by ab initio and DFT methods only provide the minimized electronic energy (E elec ) of a molecular system. To obtain the total energy (E total ) at 298.15 K from the value given by E elec , several corrections should be included. First, the zero-point vibrational energy (ZPE) must be added to the electronic energy, giving the energy at absolute zero temperature (E 0 ). Second, one must add the temperaturedependent vibrational (E vib ), rotational (E rot ), and translational (E trans ) energies. Summarizing Then, for each butanediol isomer, the low-energy conformers were weighed by their Boltzmann populations and then used to calculate the weighted mean energy and enthalpy of each one of the butanediol isomers in the gas state.
Results and Discussion
Conformational Analysis in the Gas State. The conformations are defined according to the following rules: trans (180 ( 30°), gauche clockwise (60 ( 30°), and gauche anticlockwise (-60 ( 30°), abbreviated t or T, g or G, and g′ or G′, respectively. The capital letters refer to the backbone dihedrals while the minuscule ones refer to the dihedrals which contain the OH groups. The carbon atoms are numbered following the usual convention; the oxygen atoms keep the number of the carbon to which it is attached and the hydrogen that is assigned to the respective oxygen atom. In Table 1 , we summarize the conformational nomenclature used. Table 2 characterizes the conformers found for each butanediol isomer, according to the scheme described above. Relevant dihedral angles, values of the relative energy (∆E 0 ), total energy at 298.15 K (E total ), and dipole moment (µ) are also given in this table. The relative populations (P) were calculated according to the Boltzmann distribution based on the zero temperature energy and taking into account the degeneracy degree of each conformer. The geometries of the lowest energy conformers of each butanediol isomer are displayed in Figure 1 .
As can be seen, the most stable conformers are stabilized by an intramolecular hydrogen bond between the hydroxyl groups. The bond is evidenced by an increase of the O-H bond length and a decrease of the O‚‚‚H distance. Owing to the highly directional nature of the hydrogen bond, the O-H‚‚‚O bond angle is another structural feature to be included in the discussion of the bond strength. Despite the linear preference of the bond (O-H‚‚‚O close to 180°), a large range of values can be observed for this angle at some expense of the bond strength.
In Table 3 are displayed the values calculated for structural characteristics related with hydrogen-bonding manifestations for the lowest energy conformers of each isomer. From these data one concludes that the intramolecular hydrogen bond is the dominant stabilizing factor in the lowest energy conformers. Among the conformers presented in Figure 1 , the one that presents the highest value for the O‚‚‚H distance is (R,S)-2,3-BD. Nevertheless, this figure is below the limit commonly adopted as criteria for the existence of hydrogen bonding (2.5 Å). 25, 26 The O-H length for this conformer is also above the value obtained for conformers without an intramolecular hydrogen bond (ca. 96.2 pm). The deviation of the O-H‚‚‚O angle from 180°contributes to a considerable weakening of the intramolecular hydrogen bond. According to the values given in Table 3 , within the isomers for which the hydroxyl groups are attached to vicinal carbon atoms, the strength of the intramolecular hydrogen bond increases from (R,S)-2,3-BD to (R)-1,2-BD and this to (S,S)-2,3-BD, although the differences between these structural parameters are similar. A strengthening of this interaction is observed from vicinal diols to (R)-1,3-BD and from this to 1,4-BD.
As a consequence of the formation of intramolecular hydrogen bonds, the lowest energy conformers of all isomers (see Figure  1 ) adopt a five (1,2-BD and 2,3-BD) to seven-membered (1,4-BD) ringlike geometry. In fact, the overall population of hydrogen-bonded conformers at 298.15 K is always greater than about 90%. Another common trend is the orientation of the free hydroxyl group, which tends to be preferentially trans relative to its adjacent C-C bond in the heavy atom skeleton (see Figure 1 ).
The most stable conformers of the two vicinal butanediols adopt a gauche arrangement around the OCCO dihedral, enabling the establishment of the hydrogen bond between the hydroxyl groups. This conformational trend has also been observed in previous computational studies regarding smaller vicinal diols 27,28 and 2,3-BD. 8, 9 For the most populated conformational states of (R)-1,2-BD, the carbon chain is preferentially trans, as this is not hindered by the formation of the intramolecular hydrogen bond. On the other hand, both stereochemical forms of 2,3-BD present a different behavior, as their most stable conformers adopt a gauche arrangement around the CCCC 1st  H1O1C1C2  H1O1C1C2  H1O1C1C2  H2O2C2C3  2nd  O1C1C2O2  O1C1C2C3  O1C1C2C3  O2C2C3O3  3rd  C1C2C3C4  C1C2C3O3  C1C2C3C4  C2C3O3H3  4th  C1C2O2H2  C2C3O3H3  C2C3C4O4  5th C3C4O4H4
a R and S refer to the nature of chiral centers in stereoisomers. b This nomenclature is valid for both (R,S)-and (S,S)-configurations.
backbone (see Figure 1 ). This is explained by specific conformational features that destabilize the otherwise preferred trans conformation around the CCCC backbone. In the (R,S)-form, because of the relative positioning of the two hydroxyl groups, the trans conformation around the CCCC dihedral forbids the formation of the hydrogen bond. In the case of the (S,S)-stereoisomer, the gauche arrangement of the carbon chain (A in Figure 2) is also preferred over the trans. This latter configuration (B in Figure 2 ) would approach both hydroxyls to the terminal methyl groups, originating two steric repulsions of methyl to hydroxyl groups, whereas in the A configuration there is only one, between the two methyl groups.
In the case of (R)-1,3-BD, the most stable conformers are of the xGG′x type, where x can be g, g′, or t. In fact, this backbone conformation enables the establishment of an intramolecular hydrogen bond without breaking the trans arrangement of the carbon chain. The conformation of the global minimum obtained is very close to the one detected experimentally by conventional microwave spectroscopy. 13 Finally, for 1,4-BD, the formation of an intramolecular hydrogen-bonded conformation involves the distortion of the carbon chain to a gauche arrangement, which enables the approaching of the two hydroxyl groups. Traetteberg et al. studied the molecular and conformational equilibrium of this molecule by gas-phase electron diffraction (GED) at two different temperatures, 144 and 260°C. 6 These authors found that the whole set of hydrogen-bonded conformations (xGG′G′x and xGG′Gx, using our conformational nomenclature; see Table  1 for details) are present in a large amount at both temperatures. For both types of backbone conformations, the authors could obtain good fits to the experimental data, but without being able to distinguish between them. These findings are in good agreement with the conformational behavior derived from our DFT calculations, as shown in Table 2 .
Besides energy, the dipole moment can also give information on the individual conformers' contributions for the overall isomer mean structure. A variety of values are expected between zero (antiparallel alignment) and a maximum of twice the single dipole moment (parallel alignment). To estimate the contribution of a single hydroxyl group for the total dipole moment, we calculated it for 1-butanol, using the most stable conformer of the isolated molecule as obtained by Ohno et al. 29 at the HF/ 6-31G level of theory. From this calculation, a value of 2.00 D was obtained. The comparison of this figure with the results obtained for the conformers listed in Table 3 leads to the conclusion that the relative orientation of the OH groups favors an increase of the electrical dipole moment. From the comparison between isomers, it should be noted that the parallel alignment of the hydroxyl dipoles is more easily attained for (R)-1,3-BD and 1,4-BD than for (R)-1,2-BD or 2,3-BD, which is in agreement with the structural features considered above regarding the intramolecular hydrogen bonding.
Determination of the Enthalpies of Butanediols in the Liquid State from the Enthalpies in the Gas State. So far, only structural parameters for the low-energy conformers of each isomer have been considered. From the values of E total and P, the weighted mean energy (E gas ) and enthalpy (H gas ) of each isomer in the gas state can be computed from eqs 2 and 3, respectively. The values obtained for these two quantities are inserted in Table 4 .
From the enthalpy in the gas state, the enthalpy of butanediols in liquid state (H liq ) can be estimated provide that values for the enthalpy of vaporization are available (∆H°v ap ). Therefore, H liq can be given by
In a recent work performed in our research group, accurate values for the enthalpy of vaporization of butanediol isomers were obtained, 14 which were used in this calculation. The enthalpies calculated for liquid butanediols as well as the quantities required for its calculation are also presented in Table 4 . This method of estimation of the enthalpy of a compound in the liquid state using theoretical calculations performed on the isolated molecule is a valuable one, as computational studies in liquids are difficult even for simple molecules as these of butanediols and given the scarceness of reliable data available for these systems.
Comparing the values obtained for H gas and H liq among all isomers, (S,S)-2,3-BD is the isomer that has the smallest enthalpy values, although slightly higher than the (R,S)-isomer in the liquid state. As far as H gas is concerned, and taking this isomer as the reference, we obtain differences of 26, 15, 11, and 3 kJ mol -1 for 1,4-BD, (R)-1,2-BD, (R)-1,3-BD, and (R,S)-2,3-BD, respectively. The same sequence, apart from the minor difference between the 2,3-BD isomers, is observed for H liq , although the differences between the isomers are significantly smaller. This observation indicates that, as far as enthalpy is concerned, the molecular self-association should not affect the molecular conformation in gas state in a substantially different way.
The comparison of the H gas and H liq values for the different butanediol isomers raises an important question about the structural interpretation of the enthalpy of vaporization values. The differences between the enthalpy of vaporization of different compounds are commonly ascribed to structural differences in the liquid state. This property is sometimes correlated with the properties of the liquid state. However, this is only valid when the gas molecules have the same enthalpy level. For butanediols, the differences in enthalpy values between each of the isomers in the gas are larger than those in the liquid, and differences in H gas should be considered in the interpretation of ∆H°v ap .
Infrared Spectroscopy. In an attempt to follow as close as possible the hydrogen bonding involving the butanediol from the isolated molecule to the liquid state, FT-IR spectra were recorded in the OH stretching region at room temperature for each isomer, in carbon tetrachloride solutions in a concentration range 2.8 × 10 -3 -5.5 × 10 -2 M, as well as for pure liquids.
The butanediols used in the spectroscopic study, supplied by Sigma-Aldrich Co., are of the best grade commercially available. The purity degree specified by the dealer, higher than 0.99, was tested by gas-liquid chromatography, giving results between 0.991 and 0.998. The spectra were recorded with a Bomem MB 104 spectrometer using KBr cells of 1 mm path length for solutions and 0.1 mm for the pure liquids. Spectra were collected after 32 scans at 1 cm -1 resolution.
In Figure 3 are presented some spectra for dilute solutions (2.8 mM, bottom spectra), for an intermediate concentration (55.5 mM, middle spectra), and for pure liquids (top spectra) in the OH stretching region. The spectrum of (S,S)-2,3-butanediol is not shown, as it is very similar to the spectrum of 1,2-butanediol. For a better clarification of the vibrational modes, a band component analysis was performed. The OriginLab Origin 7.0 peak fitting module was used for this purpose. An accurate resolution was achieved by fitting Lorentzian-shaped curves to the higher frequency bands and a Gaussian-shaped curve to the lowest one. Consecutive iterations were performed until a high fitting degree of the component bands to the starting spectra was attained. The mean values obtained for the 2 adjustment parameter were less than 10 -6 .
At low concentrations, all isomers exhibit two absorption bands: the one with the highest frequency corresponds to the O-H group undisturbed by hydrogen bond, νOH free , and the other to the OH group participating in the intramolecular hydrogen bond, νOH intra . The intramolecular hydrogen bonding in butanediols has been evidenced by infrared spectroscopy in the vapor phase and in dilute solutions of carbon tetrachloride and carbon disulfide. 10 Spectroscopic data obtained from matrix isolation studies 11 generally agree with all of the former, except for 1,4-BD, for which the νOH intra band was not observed.
In Table 5 , we can find the results obtained for the peak frequency, ν, and the bandwidth at half-height, ∆ν 1/2 , for the two bands at five different concentrations. In the range of concentrations studied, the values of these parameters for each isomer are not concentration dependent.
Among the manifestations of hydrogen bonding in vibrational spectra are the red shift of νOH and the broadening of the stretching vibration band of the hydrogen donor group. The peak frequency shift, ∆ν ) νOH free -νOH intra , is commonly used to evaluate the strength of the hydrogen bond, and correlations between this feature and the enthalpy of the hydrogen bond formation have been proposed by several authors. 30, 31 The small frequency differences observed for νOH free between each isomer should be ascribed to subtle differences in the free hydroxyl group environments, namely, to different conformational arrangements. Since the band assigned to the νOH intra mode was observed for all isomers, all of them have an intramolecular hydrogen bond, at least in dilute solution. On the grounds of the frequency displacement values (∆ν), the strengths of the intramolecular hydrogen bonds are ordered as 1,2-BD ≈ 2,3- 
H gas ) E gas + RT (3)
BD < 1,3-BD < 1,4-BD. This sequence is in agreement with the one based on intramolecular H‚‚‚O distances, shown in Table  3 . Indeed, a quantitative relationship is observed between ∆ν and these H‚‚‚O distances, which was fitted to with ∆ν in cm -1 and the H‚‚‚O distance in pm.
As the concentration reaches a value around 10 mM, the intensities of the νOH free and νOH intra absorption bands present negative deviations from Beer's law, and a broad band localized at lower frequencies appears (see Figure 3 ). This band, seen in relatively concentrated solutions, and assigned to the OH group involved in the intermolecular hydrogen bond, νOH inter , is an indication of the interaction between the solute molecules involved in a self-association process that originates n-mers. The νOH inter band, either in carbon tetrachloride solution or in the pure liquid, is fitted by a single Gaussian function. There is nothing in its shape that can suggest a composite character, resulting from overlapped bands from particular hydrogen bond systems. The values for peak frequency, ν, and the bandwidth at half-height, ∆ν 1/2 , for the OH stretching band for the liquid butanediols are shown in Table 6 .
Because of the cooperativity of hydrogen bonding, 32 the intermolecular bonds are strengthened as the number of incorporated molecules increases. In fact, a decrease of 70-90 cm -1 can be observed in the peak center between the beginning of the aggregation process in CCl 4 and the liquid state.
The order of magnitude for the enthalpy of the O‚‚‚H bond can be obtained from the νOH inter to ∆H correlation. Iogansen 31 proposed recently the following relationship between the stretching frequency shift and the enthalpy:
with ∆H in kJ mol -1 and ∆ν in cm -1 . Applying this relationship to our spectra, values between 29 kJ mol -1 for (S,S)-2,3-BD and 32 kJ mol -1 for 1,4-BD are obtained. Theses figures are of the same order of magnitude of that estimated for 1,2-alkanediols with a chain of six or fewer carbon atoms. 33 It is worth comparing the strength of the intermolecular H‚‚‚O bond between the isomers, as it follows an identical sequence as observed for the H‚‚‚O intramolecular bond in the isolated molecules, although with smaller differences in the first case. A similar trend is observed for the enthalpy, as its values also indicate that the energy differences between liquid isomers are smaller than between isomers of isolated molecules.
Conclusions
Although the structural characteristics of the butanediol isomers remain similar, we observed that the energy differences between the butanediol isomers are more pronounced in the gas than in the liquid state. Thus, the energy of the gaseous state (H gas ) should be considered, and special care should be taken for a reasonable interpretation of the value of this thermodynamic function, in which the gas is the reference state.
In this study, we estimated the enthalpy of the liquid state from the combination of high-level calculations for the mol- (6) ecules in the gas state and experimental calorimetry vaporization data, which allowed us to determine an important thermodynamic property, H liq , which is quite difficult to estimate with different methods. Hydrogen bonding is the determinant structural stabilizing factor for butanediols in either gas or liquid states. The values of ∆ν indicate that, along the process of molecular selfassociation, the relative balance between intra-and intermolecular hydrogen bonds tends to shift in favor of the latter ones. However, we found some evidence that the structural features of the molecules in the liquid are of the same nature as those in the gas state and that the intramolecular hydrogen-bonding systems persist in the condensed state.
A good agreement was found among the methods used in our study, since the conclusions derived from the calculations combined with experimental calorimetric data were confirmed by infrared spectroscopy in the hydroxyl stretching region.
